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Effects of saline infusion on glornerulotubular balance. The
purpose of this study was to determine the relative contribu-
tions of superficial nephron filtration rate (NFR) and the absolute
rates of proximal tubular reabsorption to the maintenance of
relatively constant fractional reabsorption when kidney glomer-
ular filtration rate (GFR) is decreased experimentally, and the
extent to which glomerulotubular balance occurs in the presence
of saline infusion which decreases fractional reabsorption in
the proximal tubule. NFR and proximal tubular fractional
reabsorption were measured by collection and recollection of
total tubular fluid, before and after reducing kidney GFR in
hydropenic rats. These measurements were repeated for a dif-
ferent group of nephrons in the same animals after saline infusion.
Glomerulotubular balance, expressed as constancy of fractional
reabsorption when kidney GFR was decreased by aortic constric-
tion, was 88 % complete in hydropenic animals, but only 36 %
complete after saline infusion. On the average, NFR and kidney
GFR decreased proportionately during aortic constriction
(—54 % and —50 %, respectively, during hydropenia and
—52 % and —47 % during saline infusion). Therefore, the high
degree of glomerulotubular balance in hydropenic animals was
accounted for almost entirely by a fall in calculated absolute
reabsorptive rate, which paralleled the fall in NFR and kidney
GFR. Less complete glomerulotubular balance during saline
infusion was due to failure of calculated reabsorptive rates to
decrease in near proportion to the decreases in NFR and kidney
GFR. Saline infusion alone decreased absolute reabsorption an
average of 48 % and this may have precluded or blunted any
further decrease during aortic constriction. The data indicate:
1) proportionality between changes in NFR and kidney GFR
after saline infusion and during aortic constriction in the absence
and presence of saline infusion, 2) near proportionality between
changes in NFR and absolute proximal tubutar reabsorptive
rate during aortic constriction in hydropenic rats but not in
saline loaded rats, 3) saline infusion depresses the absolute rate
of proximal tubular reabsorption and this accounts largely for
the fall in fractional reabsorption, and 4) reduced glomerulo-
tubular balance during aortic constriction after saline infusion
due to a limitation in further downward adjustment of absolute
reabsorption as NFR is reduced.
EJj't de Ia perfusion de solution saline sue Ia balance glomerulo-
tubulaire. Le but de cette étude était de determiner les contribu-
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tions relatives du taux de filtration par les néphrons superficiels
(NFR) et des taux absolus de reabsorption tubulaire proximale
au maintien d'une reabsorption fractionelle relativement con-
stante lorsque Ia filtration glomérulaire (GFR) du rein est
diminuée de facon experimentale, et dans quelle mesure on peut
obtenir l'bquilibre quand une perfusion de solution saline di-
minue Ia reabsorption fractionelle dans le tubule proximal. NFR
et Ia réabsorptionnelle tuhulaire proximale ont été mesurés par
collection et recollection de Ia totalité du liquide tubulaire chez
des rats hydropéniques avant at après diminution de Ia GFR du
rein. Ces mesures ont été répétées pour un groupe different de
néphrons, cliez le mêrne animal, aprés perfusion de solution
saline. L'equilibre glomerulotubulaire, exprimé par Ia constante
de Ia reabsorption fractionnelle lorsque Ia GFR. du rein est
diminuée par constriction aortique, se trouvait maintenu a 88%
chez les rats hydropéniques, mais ne l'est plus qu'à 36% après
perfusion de solution saline. En moyenne, Ia NFR et Ia GFR
du rein avarent diminué de facon proportionnelle au cours de Ia
constriction aortique (—54°o et —50%) respectivement durant
l'hydropénie et —52% et —47% durant Ia perfusion de solution
saline. Le degre élevé d'equilibre glomerulotubulaire chez les
animaux hydropéniques est donc attribué en majeure partie a
une diminution du taux absolu de reabsorption (calculé), lequel
vane de facon paralléle avec Ia diminution de Ia NFR et de Ia
GFR du rein. La déficience de I'équilibre glomerulotubulaire
au cours de Ia perfusion de solution saline est due au fait que
les taux (calculés) reabsorption ne diminuent pas proportion-
nellement au NFR et a Ia GFR due rein. Pas elle mCme, Ia per-
fusion de solution saline provoque une diminution moyenne de
48 de Ia reabsorption absolue et ceci peut avoir empêché
ou minimise toute diminution subsequente au cours de Ia con-
striction aortique. Les résultats indiquent: I) Ia proportion-
nalité des variations du NFR et de Ia GFR due rein aprés
perfusion de solution saline et au cours de Ia constriction
aortique en presence ou non de perfusion de solution saline, 2)
Ia presque proportionnalitC des variations du NFR et du taux
de reabsorption tubulaire proximale absolue au cours de Ia
constriction aortique chez les rats hydropéniques mais non
chez des rats surchargCs en sd, 3) Ia perfusion de solution
saline diminue le taux absolu de reabsorption tubulaire proxi-
male, cc qui explique en grande partie Ia diminution de Ia
reabsorption fractionnelle, 4) Ia diminution de I'equilibre gb-
merulotubulaire au cours de Ia constriction aortique aprés
perfusion de solution saline, du fait de l'impossibilité de di-
minuer davantage Ia reabsorption absolue pendant Ia réduc-
tion do NFR.
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Fractional reabsorption at the end of the rat proximal
tubule is known to remain relatively constant both
during spontaneous variations in filtration rate in the
same animals as well as among animals with different
rates of filtration. Also, a concordant relationship
between whole kidney filtration rate and proximal
tubular reabsorption can be demonstrated when filtra-
tion rate is changed experimentally by several maneu-
vers such as aortic [1—7] or venous constriction [3, 6, 8]
or elevated ureteral pressure [2, 3, 6]. Although
earlier studies in the rat [9] and dog [4] indicated that
this balance between filtration rate and proximal
tubular reabsorption was nearly perfect, the bulk of
more recent evidence suggests that when filtration
rate is reduced experimentally there is some increase in
proximal tubular fractional reabsorption, indicating
that the absolute rate of proximal tubular reabsorption
may decrease proportionately less than kidney filtra-
tion rate [1, 2, 5]. Nevertheless, all available evidence
indicates a high, albeit imperfect, degree of balance
between filtration and superficial proximal tubular
reabsorption under a variety of experimental circum-
stances.
Fractional reabsorption at a given site along the
tubule is the quotient of the total amount reabsorbed
up to that site divided by the total amount filtered.
Therefore, when kidney filtration rate is changed, the
observed constancy of proximal tubular fractional
reabsorption could be due to readjustments in either
nephron filtration rate or absolute reabsorptive rate,
or both. Moreover, the same variables may be involved
in changes in proximal tubular fractional reabsorption
during experimental maneuvers known to alter frac-
tional reabsorption.
Saline infusion markedly decreases fractional re-
absorption in the proximal tubule [4, 7, 10, 11],
primarily as a result of large decreases in the absolute
rate of reabsorption, and to a lesser extent, as a result
of variable increases in nephron filtration rate [12].
It is not clear to what extent glomerulotubular balance
persists in the presence of decreased proximal tubular
reabsorption due to saline infusion. Some studies
indicate that glomerulotubular balance is still present
but is reset to maintain a lower fractional reabsorption
[4, 7, 11], while other studies have suggested that
glomerulotubular balance during saline infusion may
be absent when filtration rate is decreased by aortic
constriction [6, 12]. In a previous study from this
laboratory [13] a 50% fall in absolute reabsorption,
measured by microperfusion techniques, occurred in
hydropenic rats when the aorta was constricted to
decrease whole kidney filtration rate approximately
50%. Using the same techniques, we found no signifi-
cant decrease in the absolute rate of proximal tubular
reabsorption when the aorta was constricted to a
similar degree if proximal tubular reabsorption was
already decreased as a result of saline infusion [12].
Taken together, these studies appear to indicate that
when the absolute rate of proximal tubular reabsorp-
tion is decreased by saline infusion, glomerulotubular
balance is not reset but instead is markedly diminished.
This is consistent with the view that the intrarenal
mechanisms involved in glomerulotubular balance may
be involved also in the depression of proximal tubular
reabsorption during saline infusion. For these reasons
it seemed desirable to examine the quantitative aspects
of glomerulotubular balance during aortic constriction
in the same animal both during hydropenia and after
volume expansion with saline. The results demon-
strated the expected high degree of balance between
filtration rate and proximal tubular reabsorption
when the aorta was constricted in hydropenic animals,
and marked impairment of this balance when the
aorta was constricted after infusing saline. In addition,
under both experimental circumstances, decreases in
superficial nephron filtration rates were proportional
to decreases in whole kidney filtration rate, indicating
that redistribution of filtration rate does not play a
detectable role in maintaining the constancy of super-
ficial proximal tubular fractional reabsorption. By
mathematical deduction, the degree of glomerulo-
tubular balance under these circumstances appears
to be largely due to the degree of proportionality
between kidney filtration rate and the absolute rate of
proximal tubular reabsorption.
Methods
Experiments were performed on ten male Sprague-
Dawley rats weighing from 230 to 340 g. The animals
were anesthetized by an intraperitoneal injection of
mactin (100 mg/kg body wt) and placed on an operat-
ing table heated to 37.5° C. The left kidney was exposed
through a flank incision, stripped of perirenal fat and
placed in a lucite cup firmly attached to the operating
table. The surface of the kidney was continuously
bathed with mineral oil heated to 37.5° C. The ureter
of the experimental kidney was cannulated with poly-
ethylene tubing. Blood pressure was monitored
throughout the experiment via a catheter placed in
the femoral artery and connected to a pressure trans-
ducer and a direct writing recorder. A catheter was
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placed in the right jugular vein for the purpose of
infusing a maintenance solution at a rate of 15 to
20 tl/min. This solution contained: Na 140, K 4.0,
CF 116 and HCO3 28 mEq/liter, respectively; inulin
in an amount to maintain concentrations in plasma
between 52 and 99 mg/l00 ml, and p-aminohippurate
(PAH) to maintain concentrations in plasma appropri-
ate for clearance measurements. An adjustable aortic
clamp was placed around the aorta above the left
renal artery.
The experimental protocol was as follows: 15 to
30 minutes after completing the surgical procedures,
one to five timed collections of urine were obtained.
During this same time (45 to 60 mm), total collections
of tubular fluid were taken from four to six late
proximal tubules in each of the ten animals (51 late
proximal tubular total collections were made). Next, the
aorta was constricted to reduce femoral arterial pres-
sure from 113 SD 7 to 79 SD 6 mm Hg. Sixty to
75 minutes after initiating the aortic constriction an
additional one to four timed collections of urine were
made in each animal over 70 to 110 minutes. During
Table 1
this same period of time, recollections of the total
volume of tubular fluid were made from 38 of the
same late proximal tubular sites punctured prior to
constricting the aorta and from an additional eight late
proximal tubulus not punctured previously. After
completing these collections during aortic constriction
the constriction was released and each animal was vol-
ume expanded by infusing a modified Ringer's solution
(Nat 140, K 4.0, CF 116 and HCO 28 mEq/liter,
respectively) until a volume equal to ten per cent of
the animal's weight had been infused over a 60 minute
period. Following this, the rate of infusion was
decreased by one-half and continued at this lower
rate throughout the remainder of the experiment. Ten
to 20 minutes after completing the rapid infusion, an
additional three to five timed collections of urine were
made over a period of 45 to 60 minutes. During this
time, total collections of tubular fluid were made from
four to six late proximal tubules (a total of 53 collec-
tions) which were not the same tubules as those punc-
tured during hydropenia. Afterwards, the aorta was
constricted to decrease femoral artery pressure from
Effect of aortic constriction on nephron filtration rate and proximal tubular reabsorption before and after saline
infusion
Expt. Hydropenia Saline infusion
FxRa NFRb
(ni/mm)
Cc
(ni/mi,,)
Nd FXRa NFRb
(ni/mi,,)
C
(nl/mi,)
Nd
C AC C AC C AC C AC C AC C AC C AC C AC
1 0.51 0.64
2 0.55 0.55
3 0.59 0.69
4 0.54 0.70
5 0.55 0.84
6 0.57 0.86
7 0.55 0.63
8 0.50 0.54
9 0.56 0.64
10 0.50 0.65
43.0 16.1
24.9 12.3
28.6 9.4
47.8 24.2
34.3 13.2
35.5 16.2
21.1 13.4
21.8 7.8
44.9 22.8
38.4 18.6
21.7 10.5
14.2 6.0
16.5 6.4
25.7 16.8
21.5 11.0
20.5 13.8
11.5 6.6
11.0 4.2
26.7 14.9
19.2 11.8
6
4
5
4
5
6
5
6
4
6
5
3
8
6
3
4
3
6
3
5
0.28 0.46
0.30 0.39
0.15 0.34
0.31 0.54
0.24 0.33
0.26 0.58
0.19 0.48
0.25 0.45
0.46 0.50
0.37 0.42
46.5 24.0
16.1 7.1
34.2 15.1
47.5 9.7
31.5 15.4
37.1 20.5
23.2 12.2
18.2 5.2
46.0 34.1
53.8 27.5
12.8 10.5
4.7 2.8
4.0 5.0
14.7 5.2
7.2 4.9
9.9 12.0
4.4 5.8
4.5 2.4
21.4 16.5
20.1 11.9
5
6
6
5
5
6
4
6
4
6
6
4
5
3
5
6
4
6
4
4
Mean 0.54 0.67
0.03 0.11
34.0 15.4
9.7 5.3
18.8 10.2
5.5 4.3
0.28 0.45
0.09 0.08
35.4 17.6
13.2 9.7
10.4 7.7
6.6 4.7
Fraction of individual nephron filtrate reabsorbed up to site of collection of tubular fluid (1-PITF inulin).
b Nephron filtration rate.
Volume of filtrate reabsorbed up to site of collection of tubular fluid.
d Number of tubular fluid samples collected and used to generate the individual mean value for respective period.
e Mean standard deviation of means of individual experimental periods in the ten animals.
Abbreviations: AC=aortic constriction; C=control.
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106±sD 16 to 65±sD 10mm Hg, and 50 to 65 minutes
later two to three collections of urine were made over
a period of 55 to 90 minutes. During this same time,
recollections of the total volume of tubular fluid were
made from 39 of the late proximal tubules punctured
prior to aortic constriction and from an additional
eight tubules. The techniques for identifying late
proximal tubules and for occluding tubules, and for
collecting and measuring the total volume of tubular
fluid have been described in detail elsewhere [12].
Samples of arterial blood (0.1 to 0.2 nil) were collected
at the beginning and at the end of each experimental
period for measurements of inulin, PAH, Na, K and
hematocrit (Hct).
Fractional reabsorption of filtrate at the site of
collection was calculated as l—(P/TF)1, where P and
TF are the concentrations of inulin in plasma and
tubular fluid, respectively. Individual nephron filtra-
tion rate (NFR) was calculated as V(TF/P), where V
is the total volume of tubular fluid reaching the punc-
ture site per minute. The absolute amount of filtrate
reabsorbed to the site of proximal tubular puncture (C)
was calculated as V(TF/P)—V. The extent of glomerulo-
tubular balance, expressed as a percentage, was cal-
culated as %AC/%ANFR, and therefore represents
the extent to which changes in tubular reabsorption
matched the changes in NFR. Values for inulin and
PAH clearance, late proximal tubular fractional reab-
sorption and NFR were averaged for each animal du-
ring each experimental maneuver. These individual
means were used to generate the overall means and
significance of each maneuver (AT= 10). Since the
means of recollected and non-recollected tubular fluid
samples during a given maneuver did not differ
(P>'0.05), the eight non-recollected tubular fluid
samples (after aortic constriction both during hydro-
penia and saline infusion) were included in the means
of the respective experimental periods. Delivery of
tubular fluid beyond the proximal tubule was calculated
from the mean value for C and NFR during each
experimental maneuver in each animal: delivery
beyond the proximal tubule (nl/min)=NFR—7/5 C.1
1 Previous measurements in this laboratory of the distance
from glomerulus to the site of late proximal tubular puncture
averaged 5.2 SD 0.4mm in 59 microdissections of latex casts
[121. In this calculation, the site of collection of tubular fluid
Table 2
Effects of aortic constriction on function of the
Hydropenia
GFRb CPA1IC FF° UNaVC Arterial
Expt. (mi/mm) (mi/mm) (nEq/mmn) pressure
(mm Hg)
C AC C AC C AC C AC C AC
1 1.68 0.99 5.60 3.43 0.30 0.29 252 36 121 80
2 1.12 0.63 3.05 2.29 0.36 0.27 538 220 110 75
3 1.14 0.30 4.24 1.47 0.27 0.20 46 32 125 85
4 2.27 1.54 7.27 4.22 0.31 0.34 1,070 162 115 85
5 1.32 0.79 4.11 2.38 0.32 0,33 174 72 112 68
6 1.59 0.66 4.47 2,76 0.35 0.24 180 58 115 75
7 0.93 0.60 2.78 1.90 0.34 0.32 140 64 100 75
8 1.43 0.64 4.14 1.77 0.35 0.36 222 78 110 85
9 2.06 0.72 6.42 2.29 0.32 0.31 328 44 110 80
10 1.24 0.59 3.29 2.04 0.32 0.29 126 66 110 80
Meanb 1.48 0.75 4.56 2.46 0.32 0.30 308 83 113 79
0.43 0.33 1.42 0.83 0.03 0.05 300 60 7 6
N= 10
a Values are the means of up to five consecutive measurements made simultaneously
ments shown in Table 1.
b Glomerular filtration rate (clearance of inulin).
C Clearance of p-aminohippurate.
with the respective micropuncture measure-
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Analytical procedures performed on tubular fluid
[12], plasma and urine [14] have been described
previously. The significance of an effect of each
experimental maneuver was calculated from student's
t test and the results were similar for both paired and
unpaired data. P values are reported for unpaired
groups.
Results
Hydropenia. Prior to the infusion of saline late
proximal tubular fractional reabsorption averaged
0.54±sD 0.03, NFR averaged 34.0±sD 9.7 nI/mm and
the calculated absolute rate of tubular reabsorption (C)
up to the site of collection averaged 18.8 SD 5.5 nl/min.
Whole kidney GFR averaged 1.48 SD 0.43 mI/mm.
When the aorta was constricted kidney GFR decreased
was assumed to be 5 mm from the glomerulus. Other studies
indicate less than 1 mm of additional convoluted tubule and a
3 to 4 mm length of pars recta 1151. Also, in vitro studies indicate
a reabsorptive rate in the latter segment approximately 50 %
as great as that in the convoluted proximal tubule [16]. Therefore,
in this calculation it is assumed that total proximal tubular
reabsorption is approximately 7/5 greater than that measured.
whole kidney before and after saline infusion a
to an average value of 0.75±SD 0.33 ml/min (—50±
SD 14%) and NFR fell to an average value of 15.4±
SD 5.3 nhlmin (—54±sD 9%). Late proximal tubular
fractional reabsorption increased to 0.67 SD 0.11
(+18±sD 24%, P<0.Ol) and calculated C fell to an
average value of 10.2±sD4.3 nI/mm (—47±SD 11%,
P<0.00l). Thus, kidney GFR, NFR and C decreased
in parallel and glomerulotubular balance on the
average was 88% complete (see Methods). These data
are presented in detail in Tables 1 and 2.
Saline loading. After the infusion of saline, late
proximal tubular fractional reabsorption averaged
0.28 SD 0.09 (Table 1). This represented a decrease
of 49% from the mean value during hydropenia prior
to aortic constriction. NFR averaged 35.4± SD 13.2 ni/
mm and this represented no change from the control
hydropenic value (Table 1, Fig. 1). C fell to an average
value of 10.4±SD 6.6 nl/min (P.<0.01) and overall
this fall accounted entirely for the decrease in fractional
reabsorption (Table 1). Kidney GFR averaged 1.57±
SD 0.41 mi/mm, a value not statistically different from
that during the control hydropenic periods (Table 2).
Thus, among these measurements the only values
Saline infusion
GFRb CPAHC FFU UNaVe Arterial
(mi/mm) (mi/mm) (nEq/min) pressure
(mm Hg)
C AC C AC C AC C AC C AC
1.85 1.43 7.17 5.57 0.26 0.26 9,837 574 125 75
0.85 0.22 2.58 0.84 0.33 0.27 905 156 88 50
1.43 0.99 6.05 4.53 0.21 0.22 5,685 279 115 75
2.12 0.40 7.96 1.64 0.27 0.24 15,428 524 100 55
1.57 0.91 4.86 3.21 0.32 0.28 6,309 148 100 68
1.61 0.78 6.77 3.48 0.24 0.23 5,979 96 110 72
1.15 0.64 4.36 2.47 0.26 0.26 2,785 170 75 50
1.27 0.24 3.49 0.72 0.36 0.34 1,516 128 105 60
2.06 1.62 6.67 5.60 0.31 0.29 12,392 2,760 125 75
1.84 1.28 5.52 5.24 0.33 0.24 13,110 2,080 112 70
1.57 0.85 5.54 3.33 0.29 0.26 7,395 692 106 65
0.41 0.49 1.71 1.88 0.05 0.04 5,079 939 16 10
U Filtration fraction (GFR/CPAH).
e Rate of sodium excretion.
Mean standard deviation of means of individual experimental periods in the ten animals.
Abbreviations: AC=aortic constriction; C=control.
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AorticControl constriction
- I
Fig. 1. Effects of aortic constriction before and after saline
infusion on nephron filtration rate (NFR) and its relationship to
filtration rate by the whole kidney GFR. Values are means and
standard deviations of the means of multiple measurements in
each animal during each experimental period (see Methods).
Nephron filtration rates (upper panels) were decreased approxi-
mately 50 % both during hydropenia and after saline infusion.
The ratio of nephron filtration rate to kidney GFR (lower
panels) was constant overall through all four phases of the
experiment.
which changed significantly were fractional reabsorp-
tion, which fell by 49%, and the calculated value for C,
which fell by 48%. There was no overall contribution
of increased NFR to the fall in fractional reabsorption
in these experiments (Table 1, Fig. 1).
When the aorta was constricted during saline loading
kidney GFR decreased to 0.85 SD 0.49 mI/mm
(—48%) and NFR decreased proportionately (Fig. 1)
to 17.6 9.7 nI/mm (—52%). Late proximal tubular
fractional reabsorption increased to an average value
of 0.45±SD 0.08 (+40%; P<0.001) and calculated C
decreased, but not significantly, to 7.7±SD 4.7 nI/mm
(—20%; P>0.05). Thus, the percentage increase in
fractional reabsorption when the aorta was constricted
during saline loading was greater than that observed
when the aorta was constricted during hydropenia.
The decreases in NFR (—54 and —52%) were nearly
the same under both conditions. Calculated glomerulo-
yO.198 +0.038x
r=0.92
10 20 30 40
Nephron filtration rate (nl/min)
Fig. 2. Relationship between whole kidney filtration rate and
filtration rate by superficial nephrons. Each point is the mean
of multiple measurements of nephron filtration rate in a single
animal for the respective experimental condition and the mean
of one to five simultaneous measurements of filtration rate by
the whole kidney. The line represents the least squares fit for all
points. Despite the different experimental maneuvers and the
fact that ten animals are represented, there was a good linear
correlation (P<0,00l) between the two measurements over a
ten-fold range of values.
tubular balance during aortic constriction in the
presence of saline loading was only 36% complete
(P<0.05) on the average, and this lack of balance was
due to a failure of C to decrease with NFR in a closely
parallel manner (Table 1).
Filtration rates. The present experiments provided
the opportunity to observe the relationship between
kidney GFR and NFR in the same animals under
four different experimental conditions (hydropenia,
aortic constriction during hydropenia, saline loading
and aortic constriction during saline loading). As
indicated above and in Table 1 and Fig. 1, changes
in kidney GFR produced by either experimental
maneuver were accompanied by closely parallel
changes in NFR. In Fig. 2 the relationship is shown
between the two measurements during each experi-
mental maneuver for the ten animals. As shown in
Fig. 2, when all animals and all experimental conditions
are included, there was overall a continuous linear
relationship between the two measurements over
approximately a ten-fold range. This suggests that the
changes in kidney GFR, whether occurring spontane-
ously among the animals or produced by the present
experimental maneuvers, were accompanied by pro-
portionally similar changes in NFR.
Sodium reabsorption and excretion. The present data
also permit some estimate of the relationship between
delivery of filtrate beyond the proximal tubule and
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S
0
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the rate of "distal" tubular reabsorption. If delivery
of filtrate beyond the proximal tubule is estimated
from NFR and C as determined from the late proximal
tubular collections (see Methods), and plotted against
the log of sodium excretion, there appears to be a con-
tinuous linear relationship among the ten animals
under the four different experimental conditions
(Fig. 3). As delivery of sodium increased through
approximately a 30-fold range, the fraction of filtered
sodium excreted increased from 0.25 to 5.6%. The
apparent linear relationship between delivery to the
"distal" nephron and the log of sodium excretion
(Fig. 3) suggests that as delivery is increased "distal"
sodium reabsorption increases at a decreasing rate.
Overall, this relationship appeared to obtain inde-
pendent of the experimental manner in which delivery
was changed. Although the relationship shown in
Fig. 3 suggests that the dependence of "distal" re-
absorption on load may not be altered qualitatively by
the present maneuvers used to vary load (hydropenia,
aortic constriction and saline infusion), the range of
delivery achieved during any single condition was not
great enough to make statistically valid comparisons
among the various maneuvers.
Discussion
It has been recognized for many years that changes
in glomerular filtration rate are accompanied by
directionally similar changes in the overall tubular
reabsorption of sodium and water, resulting in so-
called glomerulotubular balance [17]. In recent years,
largely due to the application of micropuncture
techniques and the accessibility of the superficial
proximal convolution for study, glomerulotubular
balance has come to mean the concordant relationship
between changes in filtration rate and changes in proxi-
mal tubular reabsorption which result in relative
constancy of proximal tubular fractional reabsorption
under a variety of experimental circumstances [1—8, 13].
A number of mechanisms have been proposed to
account for the coupling between filtration rate and
proximal tubular reabsorption; some of these have
been subjected to rigorous experimental testing. The
suggestion that the rate of tubular reabsorption is
determined by some intratubular consequence of
filtration rate per Se, such as the velocity of flow of
tubular fluid [18] or distension of the tubular lumen
[9, 19—2 1], has not held up under direct experimental
examination [2, 13, 16, 22—25].
Attention has been focused recently on the role of
hemodynamic and physical factors as determinants of
proximal tubular reabsorption through changes in
Starling forces that determine peritubular capillary
absorption. Evidence has been presented that the forces
determining peritubular capillary absorption, gradients
of hydrostatic and oncotic pressure, may be involved
in the depression of proximal tubular reabsorption
during saline infusion [26—28]. More recently it has
also been suggested that these peritubular capillary
forces may be involved in the adjustments in proximal
tubular reabsorptive rate that are necessary for
glomerulotubular balance [3, 6, 8, 29, 30]. In addition
to direct demonstrations that the concentration of
protein in peritubular blood may affect the rate of
proximal tubular reabsorption [29—31], it has been
reported recently that the downward adjustment in
proximal tubular reabsorptive rate necessary for
glomerulotubular balance during aortic constriction
in the rat occurs in the absence of a change in the
intratubular load (filtration rate) of perfused tubules
[13]. This observation strongly implicates peritubular
factors as important in the adjustment of proximal
tubular reabsorption during aortic constriction.
It is possible that the infusion of saline lowers
absolute and fractional reabsorption in the proximal
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Delivery of filtrate beyond proximal tubules (nl/min)
Fig. 3. Relationship between the excretion of sodium and delivery
of filtrate beyond the proximal tubule. Each point is the mean of
multiple values for delivery (see Methods) for the respective
experimental period in each of ten animals and the log of the
mean of simultaneously measured sodium excretion. Overall, as
delivery beyond the proximal tubule (expressed as volume of
filtrate) increased arithmetically, the excretion of sodium in-
creased logarithmically, thus indicating that sodium reabsorption
by the distal nephron increased at a decreasing rate. Note that
in two instances calculations for delivery yielded negative values,
but these remained close to the overall regression line.
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tubule but does not influence further adjustments in
reabsorptive rate which usually accompany experi-
mentally-induced decreases in filtration rate. If so,
this would represent preservation but resetting of
glomerulotubular balance at a lowered fractional
reabsorption. On the other hand, if saline infusion and
maneuvers such as aortic constriction decrease proxi-
mal tubular reabsorptive rate through common
pathways (such as changes in peritubular capillary
absorption), it might be anticipated that the large
decrease in reabsorptive rate during saline infusion
would minimize the further adjustments in reabsorp-
tion which would be necessary to preserve glomerulo-
tubular balance. The present results are consistent
with the latter view.
When glomerulotubular balance was expressed as
the ratio of the change in the absolute rate of proximal
tubular reabsorption to the change in nephron filtra-
tion rate, a high degree of balance was observed in
the hydropenic animals during aortic constriction, in
keeping with numerous other studies [1—7]. The
infusion of saline alone resulted in decreases in
proximal tubular reabsorptive rates which, on the
average, were as great as the decreases in reabsorptive
rates accompanying aortic constriction prior to saline
infusion. When the aorta was constricted during
saline infusion, there was little further fall in the rate
of proximal tubular reabsorption. However, nephron
filtration rate decreased in proportion to the decrease
in filtration by the whole kidney. This resulted in
markedly impaired glomerulotubular balance as frac-
tional reabsorption increased in close proportionality
to the decrease in nephron and kidney filtration rates.
Thus, saline infusion did not result in a resetting of
glomerulotubular balance at a lowered fractional reab-
sorption; instead saline infusion markedly limited the
phenomenon, as has been suggested by others [6]. This
finding is consistent with recent studies employing
microperfusion techniques where the rate of tubular
reabsorption decreased in proportion to a decrease in
whole kidney filtration rate in hydropenic rats, but not
in animals in which the rate of proximal tubular
reabsorption was already lowered by saline infusion
[12]. These observations are consistent with, but do
not prove, the view that saline infusion and aortic
constriction lower proximal tubular reabsorptive rate
through common pathways and that a near minimal
reabsorptive rate is achieved by saline infusion. Alter-
natively, at the low rates of reabsorption achieved
during saline infusion, the proximal tubule could
become insensitive to independent effects of aortic
constriction which otherwise would depress reabsorp-
tion.
These studies offer additional information regarding
the effects of aortic constriction or saline infusion on
the relationship between filtration rate by the whole
kidney and by individual superficial nephrons. The
present results indicate that the fall in proximal tubular
fractional reabsorption during saline infusion was due
predominantly to a fall reabsorptive rate, and there
was no evidence that superficial nephron filtration rate
increased out of proportion to filtration rate by the
whole kidney. This observation is consistent with
some other reports [12, 32—35], one of which [12]
used entirely different techniques for measuring
nephron filtration rate. The data are probably inade-
quate to exclude the possibility that subtle redistribu-
tion of filtration among different populations of
nephrons occurred during saline infusion. Even so,
this would appear to play a minor role in bringing
about the measured large decreases in fractional
reabsorption.2 Similarly, when kidney filtration rate
was decreased approximately 50%, both during hydro-
penia and after the infusion of saline, there was a
parallel decrease in filtration by superficial nephrons.
Thus, none of the experimental maneuvers employed
in the present study were associated with any major
divergence between the overall filtration rate by the
kidney and the filtration rate of individual superficial
nephrons.
There is controversy regarding the accuracy of
measurements of nephron filtration rate by techniques
involving occlusion of the tubule and total collection
[36—39]. Objections to these techniques seem justified
since the procedure itself could alter one of the major
variables determining filtration, viz., intratubular
pressure. Nevertheless, when performed as described
in this study, the total collection technique has yielded
values for nephron filtration rate which are both
reproducible and nearly the same as those obtained
by techniques that do not involve tubular occlusion or
collection of the total volume of filtrate [12]. Also,
others have reported recently that changes in intra-
tubular pressure, as might occur with the technique
2 If the absolute rate of proximal tubular reabsorption did
not change during saline infusion, a near doubling of NFR
would have been required to bring about the observed 48 %
decrease in fractional reabsorption. It seems unlikely that such
a large change would have been undetected. Lesser increases
in NFR may have occurred, but for some reason not measured,
in which case the contribution of decreased C to the fall in
fractional reabsorption would be proportionally less than that
calculated.
Saline infusion and glomerulo tubular balance
of total collection, appear to be buffered and do not
influence the rate of filtration to the extent that would
be predicted [36]. Moreover, we have recently found
close agreement between values for filtration rate in
the same nephron as determined by the present total
collection technique and an independent technique
that requires neither tubular occlusion or total collec-
tion.3
The present experiments were not designed to
study characteristics of reabsorption in distal segments
of the nephron. However, the results do permit an
estimation of the relationship between the volume of
filtrate (and sodium) delivered to the loop of Henle
and the rate of sodium excretion. When all of the experi-
mental maneuvers are viewed together, it appears that
reabsorption of sodium beyond the proximal tubule
increases as delivery from the proximal tubule is
increased, and overall this effect of load on "distal"
reabsorption appears to be independent of the
maneuvers used to bring about the change in delivery.
Although distal reabsorption increased strikingly as the
load increased, a decreasing fraction of the load was
reabsorbed distally so that the excretion of sodium
increased as a log function of delivery from the proxi-
mal tubule. Microperfusion studies of the loop of
Henle have yielded conflicting results regarding the
relationship between load and reabsorption [40—42].
However, Morgan and Berliner [42] observed increased
absolute reabsorption and decreased fractional reab-
sorption as the ioop of Henle of the rat was perfused
at increasing rates. These same authors found that
this pattern was not affected when the animal was
infused with saline. Also, Landwehr et al [5] reported
that the reabsorption of sodium by the loop of Henle
of the rat decreased in proportion to decreased delivery
during aortic constriction. Although the present results
suggest that neither saline infusion nor aortic constric-
tion grossly alter the relationship between delivery of
sodium to, and reabsorption by, distal segments of the
nephron, our data are inadequate to detect the subtle
changes in the characteristics of distal reabsorption
which could have relatively large effects on the rate of
sodium excretion.
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